authors note that in Fig. 2 , the ''myosin VI'' labels should be replaced with ''vinculin'' in D and with ''R-Tfn'' in E. The corrected figure and its legend appear below. In addition, the portion of the 
Transcranial magnetic stimulation of the visual cortex induces somatotopically organized qualia in blind subjects
After loss of a particular sensory channel, the deprived cortex can be activated by inputs from other sensory modalities. It is not known whether activation of the rewired cortex evokes subjective experiences characteristic of that cortex or consistent with the rerouted sensory information. In a previous study, blind subjects were trained to perform visual tasks with a tongue display unit, a sensory substitution device that translates visual displays into electrotactile tongue stimulation. This cross-modal sensory stimulation activated their visual cortices. We now extend this finding by using transcranial magnetic stimulation to examine the perceptual correlates of training-induced plastic responses. We find that blind subjects proficient with the use of the tongue display unit report somatopically organized tactile sensations that are referred to the tongue when transcranial magnetic stimulation is applied over the occipital cortex. No such sensations were evoked in trained, blindfolded, seeing control subjects who performed the sensory substitution task equally well. These data show that the perceptual correlate of activity in a given cortical area reflects the characteristics of its novel sensory input source.
blindness ͉ cross-modal plasticity ͉ rewiring ͉ sensation ͉ vision T he human cortex has a remarkable capacity for plasticity and reorganization (1) (2) . After loss of a particular sense, input from other modalities invades the cortical area that is deprived of its normal inputs (3) (4) (5) (6) (7) . Animal studies have shown that, if brain damage occurs during development, abnormal connectivity patterns can be produced. For instance, after lesions of central retinal targets in mammals, new and permanent retinofugal projections to nonvisual thalamic sites are induced (3-4; 6) . These new retinal projections are retinotopically organized and make functional synaptic contacts. Neurons in the auditory cortex of animals with these ectopic retinal projections have visual response properties that resemble those of cells in the visual cortices of normal animals (8) (9) . Behavioral studies have further shown that such animals use the ''rewired'' auditory cortex to perform visual discrimination tasks, and that lesions of the nominally auditory cortex abolish this capacity (5, 7). Although these studies reveal the rewired cortex to be functional in the visual domain, the subjective character of this activation remains to be elucidated.
In humans deprived since birth of a particular sensory modality, the deprived cortex can be recruited by other sensory modalities (reviewed in ref. 10) , supporting the concept of cross-modal plasticity. For example, the auditory cortices of deaf subjects are activated by (visual) sign language (11) . Furthermore, Braille reading by blind subjects proficient in Braille activates their visual cortices (12) (13) (14) (15) . The role of the visual cortex in cross-modal plasticity was further substantiated by results of transcranial magnetic stimulation (TMS) studies showing that functional blockade of the rewired cortex interferes with task performance (16) .
More recently, we used positron-emission tomography (PET) (17) (18) to investigate changes in regional cerebral blood flow (rCBF) in congenitally blind and normally seeing control (SC) subjects when using the tongue display unit (TDU), a tactile vision sensory substitution system (19) . PET recordings with [ 15 O]water were obtained before and after a 1-week training period, during which time the subjects had to learn to detect the orientation of visual stimuli presented through the TDU. Both the blind and seeing subjects learned equally well to use the TDU after this brief training. Whereas no task-evoked rCBF increase was detected in the visual cortex of either group before training, tongue stimulation after training significantly activated CBF in the visual cortex of the blind, but not of the sighted control, subjects. We concluded that, in congenital blindness, there was a training-induced rerouting of tactile information to the visual cortex, possibly involving strengthened or unmasked parietooccipital connections (17) (18) . In this study, we exploit this model of sensory substitution to examine the subjective character of experience associated with the activation of the occipital cortex before and after the establishment of cross-modal plasticity. More specifically, we wanted to test the possibility whether stimulation of the new input can induce qualia. An advantage of the TDU model is that it uses the tongue instead of the fingertips, which makes blind and SC subjects equally naïve with respect to the behavioral task, allowing the dissociation of group or group ϫ time effects from simple performance effects. We used TMS to stimulate the visual cortex before and after TDU training in a group of early blind (EB), late blind (LB), and blindfolded SC subjects while noting the sensory experiences reported by the subjects. Our results show that TMS to the occipital cortex in trained blind subjects induced tactile sensations in the tongue that were somatotopically organized. In sharp contrast, TMS of the occipital cortex in trained blindfolded SC subjects evoked only visual phosphenes. Our results indicate that the subjective character of the percept depends on the stimulated sensory channel (e.g., somesthesis) and not on the activated cortex (e.g., visual).
Results
Behavior. Before training with the TDU, performance on the motion-direction task was at the chance level in all groups. After Phosphenes. Two LB subjects reported phosphenes during occipital TMS (Table 1 ). These were described as fugitive central sparks, as reported by others (20) . None of the EBs reported phosphenes. In contrast, 9 of 10 SC subjects described phosphenes after occipital TMS (mean intensity threshold, 69 Ϯ 12% of maximal stimulator intensity). Attribution of phosphene locations varied with stimulation sites, in accordance with other studies (20, 21) .
Tactile Sensations in Blind Subjects. Before training, no subjective sensations were evoked when applying TMS over the visual cortex of blind subjects, with the exception of three subjects who reported tactile sensations in the fingertips. After training, three EB and one LB subject reported tactile sensations on the tongue after occipital TMS (mean stimulation intensity, 87 Ϯ 10%). These sensations were described as short-lasting experiences of distinct tingling, varying in intensity, extent, and topography depending on the locus of the occipital cortex that was stimulated ( Fig. 1 ). To test for the reproducibility of the responses, some occipital positions were randomly selected and stimulated again at the end of the session, resulting in very similar results. Two of the blind subjects (OB and SN) were tested a second time, 2 months after the initial study. Roughly similar results were obtained upon reexamination, although there were some differences between the sensory maps obtained in the two sessions. For instance, the number of sites from which tactile sensations could be induced decreased from 17 to 11 for subject OB and increased from 4 to 8 in subject SN (Fig. 2) .
Although blindfolded controls matched the blind in terms of hours of training with the TDU and also in performance, TMS of occipital cortex before and after training induced only phosphenes, but not tactile sensations, in these subjects. In none of the groups were subjective sensations produced by TMS over the primary sensory cortex (S1), either before or after training.
Discussion
These data constitute a demonstration that the subjective experience, or qualia, of activity in the visual cortex after sensory remapping is tactile and not visual. Our data confirm and extend an earlier anecdotal observation of occipital TMS-induced somatosensory distortions during Braille reading (16) . In contrast to that report, where tactile input from the fingertips was present, we now show that TMS of the occipital cortex can induce tactile sensations in the absence of any direct tactile input. Tactile sensations were evoked from both lower-tier visual cortex and higher-level visual cortex. In subject OB, tactile sensations were induced from 17 sites in both hemispheres, extending from the ''inion'' to locations 4 cm more dorsal. Tactile sensations were also evoked by application of TMS over a wide medial-lateral range, from the midline to 6 cm lateral. When stimulating these more lateral sites, there is a risk of stimulating the cranial portion of the facial nerve, especially in a subject with a small head. Because stimulation of the facial nerve in the infraauricular region, below the stylomastoid foramen, induces a facial contraction, results were discarded whenever we observed a motor response. Nevertheless, it is still possible that lower intensities might be sufficient to stimulate sensory fibers of the facial nerve. Not all blind subjects reported tactile sensations after training with the TDU. Although we have no definitive explanation for this intersubject variability, this finding was in agreement with results in the PET study, in which four of the present TMS subjects had earlier participated. Of these, the two subjects reporting TMS-induced tactile sensations were the same subjects showing the largest increase in rCBF during tasks involving the TDU (Fig. 3 , which is published as supporting information on the PNAS web site). In the present group, only two LB subjects experienced phosphenes during occipital TMS. This proportion is lower than in a previous study (21) , perhaps because of the fact the earlier study used trains of TMS pulses (15 Hz) instead of single pulses. In strong contrast with the results obtained in blind subjects, and despite equal task performance on the motion direction task, the SC subjects reported only TMS-induced phosphenes but no tactile sensations on the tongue or elsewhere. There are strong parallels between the current results and the results of our earlier PET study in which only blind, but not the equally well performing SC subjects, showed increased rCBF in the occipital cortex during an orientation discrimination task using the TDU (17) . We have used the same criterion as in most TMS studies of the motor and visual system (21, 22) for mapping TMS-induced subjective sensations. We considered that a tactile sensation was present when it could be reliably evoked in at least three of five TMS pulses applied over the same spot. In other words, each location was stimulated a minimum of three times to ascertain the presence or absence of a tactile sensation. In addition, some randomly selected spots were stimulated for a second time at the end of each mapping session. For 85% of the stimulated sites, subjects reported sensations in the same somatotopic areas when stimulation was repeated within the session.
We used a figure-eight-shaped coil with a 7-cm diameter, which had been used in many previous TMS studies. Although the use of a smaller coil might have improved precision, a recent paper showed that a high spatial precision can be obtained by using the standard coils (23) . The observation that our subjects reported tactile sensations in a different part of the tongue when the coil was moved 1 cm in the dorsoventral or mediolateral plane suggests that we achieved a good spatial resolution of our somatotopic maps, further underscored by the results of the retesting in two subjects, which revealed roughly similar somatotopic maps when testing was repeated 2 months later.
Our results provide insight into the long established scientific debate on cortical dominance or deference (24) . What is the experience of a subject in whom areas of cortex receive input from sensory sources not normally projected to those areas? Our data show that the qualitative character of the subject's experience is not determined by the area of cortex that is active (cortical dominance) but by the source of input to it (cortical deference). Our results are also in line with recent evidence that sensory cortical areas receive input from multiple sensory modalities early in development (25) (26) (27) . Tactile sensations of the tongue were obtained only after training with the TDU, in accordance with the dynamic sensorimotor hypothesis; different sensory modalities are governed by highly specific learned dynamic interaction patterns between sensory stimulation and active movement (28) . The pathway mediating the induction of phantom tactile sensations in the blind may involve either a reorganization of corticocortical pathways (17, 29, 30) , or a rerouting at the thalamic level, as revealed by anatomical findings in animals (6, 31).
Training-Induced Unmasking and Strengthening of Existing Connec-
tions. In this and in our previous studies, cross-modal responses were already observed after Ͻ1 week of training with the TDU (17-18). The rapid onset of cross-modal responses excludes the possibility of mediation by the establishment of new anatomical connections. What might therefore be the basis of this plasticity? One possibility is that training unmasks and strengthens preexisting connections between the parietal and the occipital cortices. There is electrophysiological (32) and anatomical (26, 27) evidence that the primary visual cortex in normal mammals receives input not only from the visual thalamus but also from somatosensory and auditory modalities. Single-unit recordings in the visual cortex in unanesthetized cats have shown that neurons in areas 17 and 18 receive both visual and auditory input. For many of these bimodal cells, receptive fields in the acoustic and visual domains overlapped spatially (32) . Anatomical tracing studies have further shown that there are direct projections from the auditory cortex and from the polysensory area of the temporal lobe to area 17 of the macaque monkey (26) . In addition, direct projections from parietal association areas to areas V1 and V2 in the calcarine fissure have also been described (27) . These nonvisual inputs conveying tactile and auditory inputs to the occipital cortex may modulate the processing of visual information (33), although they do not give rise to subjective nonvisual sensations under normal circumstances because of masking by the dominant visual input. Thus, in our trained control subjects, TMS over the occipital cortex produced only visual (phosphenes), without tactile, sensations. However, under certain circumstances, nonvisual processing in the occipital cortex can be strengthened or unmasked. Empirical support for this hypothesis comes from an experiment showing activation of the visual cortex by tactile stimulation after prolonged blindfolding in sighted subjects (cited in ref. 34) . Therefore, we hypothesize that cross-modal tactile rerouting to the visual cortex was already present in our blind subjects before the TDU experience (see below). However, these cross-modal responses have been shaped mainly from tactile input from the fingers as the result of an increased use of fingers during Braille reading and haptic exploration of the environment. In line with the Fig. 2 . Comparison of the TMS-induced tactile paresthesiae in two subjects who were tested twice at an interval of 2 months. As shown, a high degree of similarity was observed when subjects were retested.
dynamic sensorimotor hypothesis, training with the TDU device results in new highly specific learned dynamic-interaction patterns between sensory stimulation and active movement (28) , thereby further strengthening and unmasking existing connections between the parietal and occipital cortices.
Long-Term Cross-Modal Changes. In addition to the traininginduced unmasking and strengthening of existing connections, long-term cross-modal neuroplastic changes are also likely to have been involved in the occipital TMS-induced tactile sensations. Electrophysiological recording studies in awake monkeys after early visual deprivation showed that 18% of the recorded neurons in visual cortical area 19 responded to somatic inputs, such as manipulating the experimenter's hand to search for food (35) . This was in sharp contrast to the findings obtained in normally seeing animals, in which 100% of the neurons recorded in area 19 responded exclusively to visual inputs. This difference implies that, after early visual deprivation, tactile information reaches the visual cortex. This claim is largely supported by results of brain-imaging studies showing activation of the visual cortex in EB subjects during Braille reading (12) (13) (14) (15) and other forms of tactile stimulation (17, 36) . The importance of deprivation early in life is further underscored by the observation that brain-activity patterns in the occipital cortex evoked by tactile stimulation are significantly stronger in EB compared with LB subjects (14, 37) . Together, these findings suggest that, when the brain is deprived of visual input at an early age, tactile (and other nonvisual) information is rerouted to the visual cortex.
Which Pathways Mediate the Cross-Modal Responses?
The rerouting of tactile information to the visual cortex may be accomplished either by the formation of new thalamocortical pathways or through strengthening of existing corticocortical pathways. Although the latter possibility cannot be excluded with certainty and finds some support in animal studies (6, 31) , the available data in man suggest that tactile information reaches the occipital cortex via existing corticocortical pathways. In our previous PET study (17) , we showed that functional connectivity between the multimodal dorsal intraparietal sulcal area and the cuneus was significantly increased after 1 week of training with the TDU. In a recent study (unpublished data), we recorded somatosensory evoked potentials induced by electrical stimulation of the tongue before and after a 1-week training period with the TDU. In naïve nontrained blind subjects, an N1-P1 complex was measured over the parietal cortex with a latency of Ϸ13-18 ms. After the 1-week training with the TDU, a second peak appeared with a latency of Ϸ48-60 ms, suggesting mediation by a corticocortical pathway (Fig. 4 , which is published as supporting information on the PNAS web site). Additional evidence for increased connectivity between the parietal and visual cortices in EB subjects comes from a study that combined TMS and PET to study functional connectivity (29) . It was found that TMS of the primary somatosensory cortex induced a significant rCBF increase in the occipital cortex in the congenitally blind but not in blindfolded control subjects. A recent diffusion-tensor imaging and diffusion-tensor tractography study showed evidence of atrophy of the geniculocortical tract in EB subjects but preservation of connections between the visual cortex and prefrontal and temporal cortices (30) . Because no additional tracts were observed in the EB group, the data suggest that cross-modal functionality of the visual cortex in early blindness is primarily mediated by strengthened corticocortical instead of thalamocortical connections.
TMS over the Parietal Cortex. In neither the blind nor normally SCs did we succeed in provoking subjective sensations by stimulating the tongue area of the S1, not even when stimulating at maximum stimulator output. We claim that we have stimulated the correct somatotopic (tongue) area of S1, because we searched by stimulating the motor cortex until the subjects reported a twitch of the tongue. Having found this location, we moved the TMS coil gradually to a more posterior position to selectively stimulate the S1. However, we were not able to induce pure sensory (tactile) responses dissociated from motor responses in the tongue. Furthermore, stimulation of the S1 tongue representation at high intensities is described as very unpleasant by most subjects. To the best of our knowledge, there have been only two reports in the literature describing TMS-induced pure tactile sensations, produced by either stimulating the primary motor cortex (M1) (38) or S1 region (39) . It has been argued that excitation of the postcentral gyrus requires prolonged repetitive stimulation for accessing the perceptual system (40) .
Our results are consistent with a report by Cohen and colleagues (16) , who found that TMS applied over the occipital cortex during Braille reading occasionally elicited distorted somatosensory perceptions. However, such sensations were never reported when TMS was applied over the S1 during Braille reading.
Conclusion
The present data show that tactile sensations can be induced by stimulating the visual cortex in the congenitally blind, adding further evidence for the development of cross-modal plasticity after deprivation of a particular sensory input. These data show that the perceptual correlate of activity in a given cortical area reflects the characteristics of the sensory input to it, thereby lending empirical support for the theory of cortical deference.
Methods
Subjects. Eight EB, five LB, and eight age-matched blindfolded SC subjects participated in this study. The average age of the subject groups were 36.5 Ϯ 4.7 y (EB), 37.0 Ϯ 7.6 y (LB), and 34.5 Ϯ 11 y (SC). Blindness was of peripheral origin (Table 1) . All SC had normal visual acuity. Subjects were asked to fill in the Edinburgh Handedness Inventory to obtain a lateralization quotient. The study protocol was approved by the local ethics committees and all subjects provided written informed consent.
Experimental Procedures
TDU. Subjects were trained daily in the use of TDU to perform a visual motion-orientation task (17) . In brief, moving dots are presented on a laptop screen connected to a TDU unit. The TDU translates the visual image into electrotactile stimulation, which is delivered to the tongue via a 3-ϫ 3-cm electrode array (19) . Subjects had to learn to discriminate the movement direction of a random dot pattern. The performance criterion for successful learning was set at a minimum of 85% correct responses on two consecutive testing days.
TMS. We applied single-pulse TMS with a Magstim rapid magnetic stimulator (Magstim, Whitland, Dyfed, U.K.) connected to a double 7-cm figure-eight-shaped coil with a maximum stimulator output of 1.2 T. We started with the assessment of the motor and phosphene thresholds, followed by mapping of TMSinduced subjective sensations.
Determination of Motor and Phosphene Thresholds. To determine phosphene thresholds, the coil was placed in a vertical position (handle pointing upward) on the inion-nasion line, with its inferior limit 1 cm above the inion. Stimulation was initially applied at 40% of maximum stimulator output and increased in 5% increments until the subject reported phosphenes. The threshold was then finely determined, by changing the intensity in 1% increments. With the coil placed at the optimal position over the left motor area, the motor threshold was defined as the lowest intensity able to produce, at rest, an electromyographic response in the first dorsal interosseus muscle of the right hand of Ͼ50-V peak-to-peak amplitude, in at least 5 of 10 trials. Stimulation intensity was initially 40% of maximal output and increased in 5% increments. The threshold was then finely determined by changing the intensity in 1% increments.
Mapping of TMS-Induced Subjective Sensations. Mapping was done before and after training with the TDU. For mapping TMSinduced subjective sensations, single TMS pulses were applied as follows. The coil was moved in a pseudorandomized manner over the entire occipital and adjoining occipitoparietal and occipitotemporal association cortices. In addition, S1 was also stimulated. After each magnetic pulse (single TMS pulses of 100 s), subjects were asked to report any subjective sensation associated with the pulse. No suggestions were given that might bias reports. Scalp coordinates for stimulation were determined on a tightly fitting rubber swimming cap placed over the subject's head. In the mediolateral direction, markings were made every 2 cm from the midline extending to 6 cm lateral. In the dorsoventral direction, stimulation points were made at the level of the inion and 1.25, 2.5, 4, and 6 cm more dorsal. To discard potential effects produced by stimulation of the facial nerve in the infraauricular region when stimulating at lateral locations, results were discarded whenever a facial motor response was elicited. If a phosphene was induced, subjects were asked to point in its direction. If subjects reported a phantom tactile sensation, they were asked to describe it in greater detail. In case it was referred to the tongue, they were given a three-dimensional model of the tongue and asked to indicate where exactly they had experienced the sensation. We considered that a tactile phantom sensation was present when it could be reliably evoked in at least three of five pulses applied to the same spot. Sham stimulation was produced by placing the lateral part of the coil on the skull while a TMS pulse was delivered in the air.
TMS stimulation of the tongue area of the primary somatosensory cortex was obtained as follows. We first mapped the optimal coil position to produce a motor response of the tongue muscle (41) . The coil was oriented in such a way that the induced electric field was aimed toward the motor cortex, anterior to the central sulcus. Once the M1 tongue ''hot spot'' was found, the TMS coil was rotated 180°, so that the electric field was directed posterior to the central sulcus. The coil was then gradually moved in the posterior direction to stimulate selectively the tongue area of the S1.
